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The material properties of Ag electroless deposited films with the addition of stabilizing agents were analyzed. The resistivity of
Ag film was significantly increased by the addition of benzotriazole to the electroless plating solution. The high resistivity of the
Ag film dramatically decreased after annealing at relatively low temperatures. Auger electron spectroscopy and X-ray diffraction
analysis showed that a contribution to the high resistivity of the Ag film with benzotriazole might be from the high reflection of
the electron transfer at the grain boundary. In contrast, the addition of 5-aminotetrazole did not significantly increase the resistivity,
and a smooth and continuous film was obtained. In this research, a model of the film-structure formation on the Pd-activated
substrate in Ag electroless plating is proposed, and a reason for the formation of a highly resistive Ag film is suggested.
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0013-4651/2008/1553/D176/5/$23.00 © The Electrochemical SocietyIn the recent advancements made to ultralarge-scale integration
chips, new processes and materials have been adopted and applied
to decrease resistance-capacitance delay. Cu electroplating and
chemical mechanical polishing were first suggested by IBM in full-
chip scale,1 and currently electroless plating is expected to be used
for main conduction lines,2-5 seed layers for electroplating,6-8 barrier
layers,9-11 and capping layers.12-15 Electroless plating has many ad-
vantages such as excellent uniformity on large substrates, low depo-
sition temperature, good conformal morphology, and selective depo-
sition. In the case of Ag electroless plating, some research has
examined applications in metal-conducting line processing.16-19
In electroless plating, the coexistence of the reactants in the plat-
ing solution causes an intrinsic instability in the deposition process.
A good deal of research has focused on finding good stabilizing
agents,20 and in our research some nitrogen-containing heteroaro-
matic compounds that have been used as corrosion inhibitors were
found to successfully improve reaction stability.
However, there is little research regarding the material properties
of electroless deposited Ag films depending on the addition of such
additives. It is known that heteroaromatic compounds with nitrogen
atoms such as benzotriazole BTA adsorbed on copper surfaces and
acted as corrosion inhibitors.21,22 In copper electroplating, BTA
causes an increase in resistivity and randomizes the texture of the
film.23 Ag is also known to form a similar complex structure with
heteroaromatic compounds.24 Therefore, the effects of stabilizing
agents on film properties need to be intensively studied to obtain
good-quality metal films.
In this research, we focus on the effects of the additives used for
stabilizing film properties, in particular that of electrical conductiv-
ity and related film structures. Finally, we suggest a film growth
model that explains the experimental results.
Experimental
The substrate, a TiN chemical vapor deposited, 10 nm/Ti
physical vapor deposited, 15 nm/Si p-type, 100 structure, was
treated in a 1% hydrofluoric acid HF solution for 10 min to re-
move native Ti oxide.25 For deposition of catalytic Pd clusters on the
TiN surface, Pd activation was carried out by dipping the substrate
for 20 s in a Pd activation solution. The Pd activation solution con-
sisted of 0.56 mM PdCl2, 29 mM HCl, and 0.125 M HF in deion-
ized water.25 The Ag electroless plating solution consisted of
4.5 mM AgNO3, 4.1 M NH4OH, 0.45 M NH42SO4, 60 mM
CoSO4, 90 mM ethylenediamine, 45 mM ethylenediaminetetraace-
tic acid, and stabilizing agents. The choice of stabilizing agent was
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trolyte using a He–Ne laser Melles Griot, 632.8 nm and photodi-
ode. The formation of large particles in an electrolyte scattered laser
beam and the change of intensity were recorded using a data acqui-
sition DAQ board Keithley KPCI-3102. The decrease in intensity
was qualitatively regarded as the degree of particle formation in the
electrolyte. All deposition experiments were conducted at room tem-
perature. Sheet resistances of the deposited films were measured by
a four-point probe. Self-annealing was checked through sheet-
resistance changes. Film thickness and surface morphology were
observed with field-emission scanning electron microscopy
FESEM Philips XL-30. Crystallinity and the depth profile of the
film composition were analyzed by X-ray diffraction XRD and
Auger electron spectroscopy AES, Perkin-Elmer model I660, re-
spectively. Grain sizes were calculated from XRD data using the
Scherrer equation. The Ag films were annealed to decrease their
resistivity in nitrogen ambient using a horizontal quartz tube fur-
nace.
Results and Discussion
Figure 1 shows the in situ transmittance of Ag electroless plating
solution with various additives. BTA, 5-aminotetrazole ATRA, and
3-amino-1,2,4-triazole worked excellently as stabilizing agents of
the Ag electroless plating solution. A stiff decrease in transmittance
without any additive occurred due to the homogeneous reaction in
the electrolyte between Ag ions and the reducing agent.
Figure 1. Transmittance of the electroless plating solution with various ad-
ditives. The concentration of additives was 10 mM.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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concentration are plotted in Fig. 2, and it shows that an increase of
BTA concentration in the electroless plating solution resulted in a
dramatic increase in resistivity. Furthermore, the resistivity was sev-
eral tens of times larger than the bulk resistivity of Ag 1.59  cm
at room temperature. Compared to BTA, the addition of ATRA did
not considerably increase the resistivity that was closer to that of
bulk Ag. The optimum concentrations of ATRA for obtaining the
lowest film resistivity existed in the Ag electrolyte composition
used, while the addition of BTA just increased film resistivity. An
optimum additive concentration was obtained through comparing
film roughness. All subsequent experiments with the additives used
3.9 mM ATRA and 0.67 mM BTA.
Surface morphologies of Ag films with stabilizing agents are
shown in Fig. 3. The addition of ATRA and 3-amino-1,2,4-triazole
induced smooth surface morphologies, which showed no significant
difference compared to the nonadditive case, while the addition of
BTA made distinct grains.
Interestingly, the sheet resistance of the Ag film with BTA de-
creased stiffly with elapsed time at room temperature as shown in
Fig. 4. The total decrease of sheet resistance was about 60% from its
as-deposited value. As a comparison, an Ag film without additives
showed only a 4% decrease of sheet resistance after 10 h, and there
Figure 2. Changes of sheet resistance and resistivity according to additive
concentration.
Figure 3. Surface morphologies of electrolessly deposited Ag films with
various additives after 10 min deposition: a without additives, b with
0.67 mM of BTA, c with 3.9 mM of ATRA, and d with 0.3 mM of
3-amino-1,2,4-triazole.Downloaded 04 Jul 2010 to 147.46.246.152. Redistribution subject to Ewas a negligible sheet-resistance change with ATRA. Considering
the self-annealing effect in electroless plating,26,27 the experimental
results suggest that the addition of BTA had a significant effect on
the Ag film properties, that is, the thermal stability of the highly
resistive structure was poor. The activation energy required to de-
crease resistivity is quite small and is easily obtained at room tem-
perature. Furthermore, the high resistivity of the Ag film with BTA,
which was decreased by self-annealing, showed a further decrease
by annealing at 200°C for 30 min. As shown in Fig. 5, there were
significant differences in the changes of sheet resistance by anneal-
ing with the additives. The decrease ratio was over 80% with BTA,
while in the case of ATRA the decrease ratio was about 25% in thin
films, and the ratio decreased further as film thickness increased.
The changes of the XRD data of Ag films with a thickness of
approximately 60 nm according to the additives and annealing are
depicted in Fig. 6. Figure 7 shows grain sizes calculated from XRD
data and the resistivity of Ag films as a function of thickness with
various additives. Remarkably, the as-deposited film with BTA
showed quite different properties compared to those both with
ATRA and without additives. In the case of BTA, the 111 peak
intensity was relatively weak compared to the other cases and in-
Figure 4. Sheet-resistance changes of Ag films with respect to elapsed time
at room temperature.
Figure 5. Sheet-resistance changes of Ag films according to the additives
after annealing at 200°C for 30 min in nitrogen ambient as the film thick-
ness. The square symbols represent the samples with 0.67 mM of BTA, the
circular symbols are the samples with 3.9 mM of ATRA, and the triangle
symbols are the samples without additives.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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with ATRA also increased after annealing but was comparable to the
case without additives. The ratio of peak intensity between 111 and
200 was higher than 20 in the case of BTA, whereas without ad-
ditives after annealing, the ratio was over 100. The Ag film without
additives had a larger grain compared to the other cases with addi-
tives of the same thickness, which may be a result of cluster-growth
inhibition at the initial stage of the electroless plating due to catalyst
deactivation by the adsorption of additives. The grain sizes of all
films were increased 10–20% after annealing regardless of the ad-
ditives. Therefore, the grain growth in BTA during annealing was
not sufficient for explaining the sudden decrease in resistivity after
annealing. The film-resistivity values decreased slightly in all cases
while thickness increased, and a similar relation between resistivity
and thickness after annealing was observed regardless of additives.
The lowest resistivity of the 90 nm Ag film with 3.9 mM of ATRA
was 3.4  cm before annealing, which decreased to 3.0  cm
after annealing in 200°C for 30 min. Although the 75 nm Ag film
with BTA showed a resistivity higher than 30  cm, annealing at
the same conditions reduced the resistivity to 4.0  cm. The re-
sults of AES analysis of the film with BTA before and after anneal-
ing, shown in Fig. 8, also revealed that no impurities were incorpo-
rated. It showed that the existence of impurities and their
redistribution were not the reason for the high resistivity of the
as-deposited film with BTA.
The thickness dependence of the resistivity was analyzed using
the Mayadas–Shatzkes model.28 The fitting of the resistivity data by
a simplified equation of the thin-film resistivity model was at-
tempted. The simplified model equation of the film resistivity con-
sidered surface and grain-boundary scattering as shown below29
s = 01 + 38t 1 − p surface scattering 1








where 0 represents bulk resistivity, t represents film thickness, p
represents the scattering coefficient,  represents the surface, mean-
free path of electrons in bulk Ag, d represents the grain size, and R
represents the grain-boundary scattering coefficient of electrons. Ad-
equate fitting parameters of the film-resistivity data after annealing
were  = 1.6  cm, R = 0.24, p = 0.05, and  = 57 nm.30 In this
Figure 6. XRD data of Ag films before and after annealing according to the
additives.0
Downloaded 04 Jul 2010 to 147.46.246.152. Redistribution subject to Ecalculation, the grain-thickness relation of the case with addition of
ATRA before annealing was used. As the data set was roughly close
to the average of the other data, it gave some representative expec-
tation for the result. When the relation data of the BTA case before
annealing were used, a slight change in the calculated result was
observed. However, the difference was not so significant compared
to the experimental result. However, it was hard to fit the resistivity-
thickness data to the BTA case before annealing. Abnormalities of
the BTA data may originate from the relatively large roughness com-
pared to the thickness at the initial stage of growth and the effect of
the conductive substrate TiN/Ti. Another reason may be the de-
viations of grain-size according to the thickness of the film. It was
clear that a value of at least 0.7 or higher for the grain-boundary
scattering coefficient was required for fitting the experimental data
with BTA before annealing.
In Cu electroplating, an increase in resistivity also occurred
through the addition of BTA, followed by a significant decrease in
resistivity after annealing.23 In that case, a weak Cu111 texture
was a clue of small and randomized grains, which are the main
reason for the high resistivity of Cu.23 This does not explain the full
phenomena in Ag electroless plating with BTA. Here, it may be due
Figure 7. a Relations between grain sizes and film thicknesses and b
relations between film thicknesses and resistivities according to the additives
before and after annealing at 200°C in a N2 ambient for 30 min. The solid
and open symbols represent before and after annealing, respectively. The
bold solid line in b represents the relationship between the thickness and
resistivity of the metal film expected by the Mayadas–Shatzkes model with a
bulk resistivity at 1.6, a reflection coefficient at 0.24, a surface scattering
coefficient at 0.05, a mean-free path of electrons at 57 nm, and average
grain-thickness relations, which were measured in our experiments with
ATRA.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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trolled by Pd clusters, while in Cu electroless plating the nucleation
density was strongly affected by the adsorption of additives. Ag
grains on each Pd cluster grew to fill the space between the Pd
clusters without any spatial limitation in Ag electroless plating be-
cause electroless plating took place only on the catalytic Pd surface,
and the catalytic activity of Pd clusters was not strongly inhibited by
the additives, which explained the initial stages of electroless plating
Figure 8. AES depth profiles of the Ag film with BTA a before and b
after annealing at 200°C in nitrogen ambient for 30 min.
Figure 9. FESEM images of the initial stages of film growth in Ag electro-
less plating with BTA a after 10 s, b after 30 s, and c after 60 s and
without additives d after 10 s, e after 30 s, and f after 60 s deposition.Downloaded 04 Jul 2010 to 147.46.246.152. Redistribution subject to Eaccording to the additives in Fig. 9. There were no significant dif-
ferences in grain boundaries due to the addition of BTA after 10 s
deposition. However, after 60 s deposition, clear boundaries were
observed when BTA was added, while there were still no clear
boundaries without additives. This suggested that the major effect of
BTA addition was the interruption of contact of conductive grain
boundaries through inhibiting grain coalescence. Similar phenomena
are reported in Ag–W electroless plating with hydrazine by incorpo-
rating tungsten oxides at the grain boundaries.17 Even though the
amount of incorporated additives was small under the detection
limit of AES and was concentrated on the local area such as grain
boundary or surface, the surface character of the BTA-adsorbed
metal film could be completely changed. Adsorption and incorpora-
tion of additives at the grain boundary could be a major reason for
the highly resistive layer. However, it was not enough to explain the
difference between BTA and other cases. Considering some complex
interactions between adsorbed additives and electroless plating reac-
tions, the molecular structure and related hydrophilicity of BTA and
ATRA were related to the differences in Ag-film properties. In the
case of Cu, formation of the CuI-BTA complex film structure and
adsorption of it with high surface coverage made the metal surface
hydrophobic,31 while the amino group of ATRA acted as a hydro-
philic tail, in spite of a similar adsorption mechanism.22,32 Two ad-
ditives gave quite different macroscopic surface characters after film
growth. With BTA, the surface was hydrophobic, whereas the addi-
tion of the ATRA surface showed wetting properties similar to the
case without the additive. From the microscopic point of view, the
formation of significant grooves on the Ag film with BTA may origi-
nate from the high surface energy at the zipping moment of the
three-dimensional 3D clusters. In contrast, with ATRA the space
between grain boundaries may be easily filled by newly deposited
Ag to decrease the total surface energy, leading to a conductive Ag
film. Therefore, even though the addition of ATRA moderately af-
fected the grain size, peak intensity, and resistivity as shown in
previous results, the electrical characteristics of the grain boundaries
were quite different from the BTA case. This postulate could be
applied to other additives, such as 3-amino-1,2,4-triazole, which
also has an amino group and successive stabilizing performance
without increasing the resistivity of the Ag film. The film’s surface
was hydrophilic, as was the case with ATRA, and microscopically
there were no significant grooves.
A summary of the suggested growth mode of Ag electroless plat-
ing is shown in Fig. 10. At the moment of coalescence in the grow-
ing Ag clusters on discontinuous catalytic Pd clusters Fig. 10a, the
formation of the grain-boundary structure is different due to the
adsorbed additives and surface character of the clusters. Further-
more, it is difficult to obtain two-dimensional growth of Ag Fig.
10b due to the high surface energy between the TiN substrate and
growing Ag clusters.33 With the low deposition temperature of elec-
troless plating, there may be no significant atomic motion or rear-
rangement during the deposition process, and the grain size may be
limited due to the similar scale of density of the Pd clusters. As
shown in Fig. 10c, a highly resistive grain-boundary structure may
be formed during the agglomeration of the growing 3D clusters
when the surface is covered with additives that make the surface
hydrophobic. Low-resistance Ag grains were electrically isolated
from each other in spite of a physical connection in the microscopic
view, and therefore the Ag film with BTA shows high resistivity. As
the highly resistive zone in the film structure may include nanoscale
voids or incorporated additive molecules, the conductivity through it
was relatively low and easily rearranged by thermal annealing at low
temperatures.17 The density of the Pd clusters deposited on the TiN
substrate was about 103 particles/m2, and its corresponding grain
size was about 30 nm, which is close to the value of the measured
grain sizes from XRD. The instability of the highly resistive bound-
ary structure resulted in a sudden decrease in resistivity by anneal-
ing, and as a result, a similar structure can be obtained regardless of
the additives, as shown in Fig. 10d.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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The effects of stabilizing agents, especially BTA, on the electri-
cal properties of electroless deposited Ag films were analyzed. The
addition of BTA significantly increased the resistivity of the Ag film
even though it had continuous film morphology and no detectable
impurities. With ATRA, the electrolyte had enough stability and re-
sulted in the low-resistance Ag film. With the addition of BTA, a
sudden decrease in resistivity occurred during the annealing process
without significant changes in film composition or grain size. It is
suspected that the reason for the high resistivity of the film without
BTA and the sharp decrease during annealing was the significant
scattering of the electrons at the grain boundaries. Combined with
the hydrophobic character of the BTA-adsorbed surface, thermally
unstable and highly resistive grain boundaries are generated at the
moment of coalescence of the clusters and make an abnormally high
resistance Ag film with a dramatic decrease in resistivity after an-
Figure 10. Schematic diagrams of Ag film growth by electroless deposition
on a Pd-activated substrate: a after Pd activation, b before coalescence,
c after formation of a continuous film with the addition of BTA, containing
highly resistive grain boundaries, d after the formation of a continuous film
containing low resistive boundaries with other additives or thermal anneal-
ing. The dark gray circle in a represents Pd clusters deposited by Pd acti-
vation, the light gray circles in b are Ag particles growing on Pd clusters,
the dark and thick lines in c are highly resistive grain boundaries, and the
thin black line in d are low-resistive grain boundaries.nealing.
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